Rett syndrome is a severe neurodegenerative disorder characterized by acquired microcephaly, communication dysfunction, psychomotor regression, seizures and stereotypical hand movements. Mutations in methyl CpG binding protein 2 (MECP2) are identified in most patients with classic Rett syndrome. Genetic studies in patients with a Rett variant have expanded the spectrum of underlying genetic etiologies. Recently, a deletion encompassing several genes in the long arm of chromosome 14 has been associated with the congenital Rett-syndrome phenotype. Using array-based comparative genomic hybridization, we identified a 3-year-old female with a Rett-like syndrome carrying a de novo single-gene deletion of FOXG1. Her presentation included intellectual disability, epilepsy and a Rett-like phenotype. The variant features included microcephaly at birth and prominent synophrys. Our results confirm that congenital Rett syndrome can be caused by copy-number variation in FOXG1 and expand the clinical phenotypic spectrum of FOXG1 defect in humans.
Introduction
Rett syndrome is a severe neurodegenerative disorder first described by Andreas Rett in 1966. 1 It is classically described by acquired microcephaly (between 3 months and 4 years of age), psychomotor regression, mental retardation, seizures and stereotypic hand movements. 2 Variation of clinical severity in Rett-syndrome phenotype has emerged with milder or more severe phenotypes being identified. 2 -7 In 2002, the diagnostic criteria for the variant Rett syndrome were revised 6 to help achieve a better diagnostic categorization between classic Rett syndrome and variant Rett syndrome. Five clinical variants have been distinguished: (i) the infantile-seizure-onset variant, (ii) the congenital variant, (iii) the 'forme fruste', (iv) the late-regression variant and (v) the preserved-speech variant. 5 Molecular gene testing in females with the classic Rett-syndrome phenotype identifies a mutation in the methyl CpG binding protein 2 (MECP2) gene in 80% of cases. 8, 9 Unlike the classic Rett syndrome, the genetic etiologies of variant Rett syndrome are heterogeneous and in recent years numerous reports of new mutations have emerged. Mutations in the MECP2 and CDKL5 genes have been identified (RettBASE, http://mecp2.chw.edu.au, 2009). The latter in individuals with a Rett-syndrome-like phenotype and early-onset seizures. 10 The congenital variant is characterized by hypotonia and developmental delay beginning earlier than in the classic Rett syndrome. 11, 12 The majority of children with a congenital variant of Rett syndrome do not harbor MECP2 or CDKL5 mutations. 10, 13 Recent advances in genomic screening have linked this variant to the forkhead box G1 gene (FOXG1) that encodes forkhead box protein G1. 3 Here, we describe a young girl presenting with a variant Rett-syndrome phenotype associated with a de novo selective deletion of the FOXG1 gene previously not described.
Case report
The proband is a 3-year-old female, born to non-consanguineous parents (Figure 1a and b). There is no history of teratogen exposure. The mother has ulcerative colitis, which was treated with sulfasalazine daily throughout the entire pregnancy. Antenatal ultrasound at 19 weeks showed microcephaly, however, a subsequent ultrasound showed the head circumference to be within normal limits. Delivery was at two days post term, through caesarean section for failure of progression of labour. The infant did not require resuscitation. APGAR scores were 9 and 9 at 1 and 5 min, respectively. Birth weight was 3940 g (75th centile), length was 50 cm (50th centile) and her head circumference 32.5 cm (3 -5th centile) ( Figure 1c ). The neonatal course was complicated by hyperbillirubinemia treated with phototherapy and feeding difficulties. Developmental delay was noticed at 4 months of age. At sixteen months, she could not sit without support, she could not roll or crawl and was non-verbal. At 11 months, she had developed seizures consisting of partial complex and myoclonic seizures. She is currently treated with phenobarbital after failed anti-convulsants, including valproic acid, clobazam and carbamazepine. At present she sits with assistance, can roll and uses a raking grasp. She is nonverbal and will occasionally make eye contact. She has bilateral cortico -visual impairment, with the left eye having esotropia and the right eye homonymous hemianopsia. She has stereotypic hand movements (batting and wringing) and grinds her teeth. The patient presents daytime and night-time episodes of inexplicable screaming that switch to laughing without obvious reason. She is affected by chronic constipation and gastroeosophageal reflux. A gastrostomy was placed for nutritional supplementation. There is no history of regression or loss of social interaction. The family history is unremarkable, including no known neonatal deaths, chromosomal abnormalities, seizures, epilepsy or spontaneous abortions. On examination at three years of age, her head circumference was 41.5 cm (52nd centile) (Figure 1c ), her weight was 13 kg (25th centile) and her height was 95 cm (50th tile). The following dysmorphic features were observed: mild synophrys, low-set ears, pointed chin and bulbous upturned nose. Cranial nerve examination showed reactive pupils, normal fundi and roving eye movements with no evidence of tracking. The palate was high arched and the filtrum flat. There was hypotonia of the neck and trunk. Dyskinetic choreoathetoid movements of the face, trunk and limbs were noted. She was hyper-reflexic, bilaterally and symmetrically. She showed flexor plantar responses bilaterally and there was no clonus. No scoliosis or lower-limb atrophy was noted. Magnetic resonance imaging (MRI) of the head was carried out at 6 months of age and showed microcephaly with appropriate structure and myelination. (Figure 1d and e) An electroencephalogram (EEG) was carried out at 16 months of age and showed a slow, theta frequency, background with epileptiform discharges from the left temporal lobe. Several other EEGs were carried out and showed diffusely slow, theta frequency, backgrounds. Brainstem auditory-evoked responses were normal. A metabolic screen, including quantitative serum amino acids, urine organic-acid profile, serum lactate, carnitine and creatine-kinase levels were all normal.
Chromosome and array-based comparative genome hybridization analysis Informed consent was obtained from the patient's parents. Karyotyping was carried out according to routine protocols. Twenty metaphases with 550-band resolution were analyzed. An array-based comparative genomic hybridization analysis using 105 K CMA OLIGO V7.2, was carried out at the Baylor College of Medicine (http://www.bcm. edu/geneticlabs/cma/tables.html) by the Kleberg Cytogenetics Laboratory (Houston, TX, USA, www.bcmgeneticlabs. org). Confirmatory FISH analyses were carried out using the BAC clones RP11-30H9 and RP11-445P17 also at the Baylor College of Medicine. The karyotype was found to be 46XX. CMA V7.2 OLIGO showed a minimum of 2.529 Mb to a maximum of 2.594 Mb loss of copy number in the 14q12 region. (Figure 2 The genes localized to that location include AKR1C3, AKR1CL1 and AKR1C4. FISH analysis using the BAC clones RP11-30H9 and RP11-445P17 confirmed the deletion. FISH analysis of parental chromosomes showed a paternal loss in the 10.15 region of the short arm of chromosome 10 similar to the proband's. No evidence for a lesion on chromosome 14 was detected in either parent.
Discussion
Given the proband's clinical history of developmental delay, hand stereotypies, postnatal deceleration of head growth in the context of a normal prenatal and perinatal history we first hypothesized a Rett spectrum disorder. On the basis of her congenital microcephaly, her early psychomotor delay and early-onset epilepsy she did not meet the criteria for the classical Rett-syndrome phenotype. However, she does fulfill the diagnostic criteria for the variant Rett syndrome. 6 Main diagnostic criteria include reduction of hand skills, repetitive hand stereotypies and deceleration of head growth from early childhood. Supportive criteria include air swallowing, bruxism, abnormal locomotion, inexplicable episodes of screaming and laughing, as well as night-time screaming. The early onset of her symptoms and microcephaly at birth classifies her as the congenital variant. Comparative genomic hybridization identified a loss of 0.246 -0.318 Mb at chromosome 10p15.1 as well as a 2.529 -2.594 Mb loss on chromosome 14q12. The loss of genetic material on the short arm of chromosome 10 includes the AKR1C3, AKR1CL1 and AKR1C4 genes. These genes are members of the aldo -keto reductase family 1 and have not been reported to be associated with developmental delay, microcephaly or a Rett-like phenotype. Importantly, parental FISH analysis showed a similar chromosome 10 deletion in the proband's father. The father is entirely asymptomatic showing no evidence of dysmorphic features or neurological impairment. Therefore, we believe the loss of material on chromosome 10 is not contributing to the patient's clinical phenotype. Conversely, the loss on chromosome 14 was not identified in the parents and was therefore considered to be responsible for the patient's symptoms. 18 In the developing brain, FOXG1 expression is restricted to the telencephalic neuroepithelium and the nasal half of the retina and optic stalk. FOXG1 defines the region that will become the telencephalon. 19 Moreover, following FOXG1 expression the single-cell thick telencephalon primordium expands into a multicellular, subdivided tissue. This is accomplished in collaboration with sonic hedgehog through fibroblast growth factor (FGF) production. Hanashima 20 showed that the Cajal -Retzius cells, the earliest neurons established in cortical layering, are suppressed by FOXG1. Conversely, FOXG1-null mice have been observed to have an excess of Cajal -Retzius neuron production in the cortex. Loss of function of the orthologous mouse gene FOXG1 leads to a severe decrease in the cerebral-hemisphere size and early depletion of progenitor cells. 21 Owing to its role in the developing brain it is not surprising that the disruption of the FOXG1 gene leads to the clinical phenotype of developmental delay. Interestingly, Ariani et al 3 found overlapping expression of FOXG1 and MECP2
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in differentiating forebrain cortex. In addition, they have also shown colocalization in NIH3T3 cells and primary neurons. Although their exact interaction still remains to be defined, this may suggest a common pathway or interaction at crucial points during brain development.
To our knowledge this case represents the third case reported of a patient with a deletion smaller than 3.5 Mb involving the band 14q12 but the first involving selectively FOXG1 leading to congenital Rett variant. In addition to reproducing the previous findings of severe developmental delay, epilepsy and generalized dyskinetic movements, this report expands the clinical spectrum of FOXG1 mutations in humans. New clinical features observed in our case are early psychomotor retardation, the facial feature of mild synophrys, absence of callosal agenesis or hypoplasia and suspected microcephaly in utero. In light of this, we would suggest that FOXG1 sequencing in suspected cases of congenital and other variant Rett syndrome patients.
